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dev^S (FH) h as been 

genetically corrected With rLrr^^^^^^.^ 0 ^ that are 
describe the treatment of a 29 year old woman wrth S L ?t r * ce P tor - We 
therapy directed to liver. She tolerated ITr? .f y9 ° US FH by ex wVo 9 ene 
liver tissue four months *te™^r^^^£ and hybridization of 

expressing cells. The patient's IJ^^£^^^S^!T ° f trans 9 ene 
to 5-8 following gene therapy, Improvement? whSh hi L 2 L bef ° re gene thera PV 
duration of the treatment (18 m^Tn* ^^^^"^ ^ ^ the 
therapy in which stable correction of a ^^^r^ fl8n6 



Familial hypercholesterolaemia (FH) has emerged as 
an important model for the development of human 
gene therapies'. This disorder, caused by inherited 
deficiency of LDL receptors, is associated with severe 
hypercholesterolaemia and premature coronary artery 
disease'. The homozygous form of FH is an excellent 
candidate for early applications of gene therapy because 
it is a lethal disorder that is refractory to conventional 
therapies. Measurement of serum lipid profiles 
provides a convenient and clinically relevantendpoint 
to evaluate response to therapy, and orthotopic liver 
transplantation has' been shown to correct the 
underlying dyslipidemia indicating that hepatic 
reconstitut.on ofLDLreceptorexpressionis sufficient 
tor metabolic correction 2 -?. 

The original paradigm for liver-directed gene therapy 
was based on transplantation of autologous hepatoses 
gcnenaillymodifjed avrvewimrecombmantretroviruses 
The efficacy and safety of this approach for treatment of 
i-ti has been demonstrated in a variety of animal models 
A strain ofraooits genetically deficient in LDL receptors' 
catted trie Watanabe Heritable Hyperlipidemic (WHHL 
rabbit, was used to oemonstrate the potential efficacy of ' 
« vivo g en e therapy. Analysis of. recipient animals 
demonstrated stable engraftment of genetically modified 
hepatocytes and persistentreductions in serum cholesterol 
for the duration of the experiment — 6.5 months*. 

^erraentsmlargeranimalsmdudingdogsandbaboons 
documented the feasibility and safety of ex vivo gene 

SL 3 ^^ t0 ? e " ver "- '""'"hybridization analysis 
of liver t,s Sue from baboons harvested 1 .5 years after gene 
therapy demonstrated stable engraftment of transgene 
expressing hepatoses, providing further support for the 
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efficacy of this therapy'(unpubhshed data) 

Based on the encouraging results obtained in animal 
models, we proposed a clinical protocol to treat FH 
homozygous patients with ex vivo gene therapy We 
received permission from the US Recombm Jt DNA 
Advisory Committee (RAC) and the US Food and Day- 

overt coronary artery disease and therefore WdbS 
poor prognosis. Our experience with the first patent 
described here, .supports the efficacy and safety 
dueaedezwvo gene therapy in humans. 

Rrst recipient of liver-directed gene therapy 

The first clinical application of liver-directed gene therapy 
» humans used the « vfvo approach in a pati^S 
homozygous FH. Although we were allowed to StlS 
3ST«* -%T ^^"ted that we enroi an 
adult as the initial patient to simplify the informed consent 

*™ J FrEn ^ woman ' wh ° « the time o 

gene therapy was 28 years old, had a myocardial infarction 

£f If S 1 • *f b rp™ * th= 

, ^pidemia-which at baseline included a 
to^s e rumchol es terol ra ncentrationof545 ra gdl-' > IX»Lof 

J£2nf ft* ^ ° f 43 mg dl " - ^ refxactory to 
tteatoent witiA a vanety of drugs including HMG CoA 

I^lv- • ^r^d^^bindi^gres^s. Genotype 
analysis mdicated she was homozygous for a misseiL 

mut a bon(T r p66Gly,acon3)thatrcnderstlieLDLr eCe ptor 

S 7 bmdii5g l ° its ^°V. Cardiac evaluation 
performed prior to gene therapy revealed failure of one of 
her grafts and diffuse disease in her native coronary 
arteries, however, she was not overtly smntnm« tir 
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Fig. 1 Strategy of 
ex vivo gene 
therapy for 
familial 

hypercholesterol- 
aemla. 



Hepatocytes 




Transduce vrfth , 
human LDL rsceptoA 
retrovirus (ctey 2) 
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& gene therapy to fiver is feasible and safe 
Ibe cluneal protocol approved bv the RAP h« t 
pushed.; the general s'tLegy isl^d S£? 
rhe left lateral segment of the patient's liver comnrll' 

t^fl a ° St ? mC15ion ' A 9 ' 6 fr Hickman catheter S 
inserted into her inferior mesenteric vein, aadSedirtd 
ad of the catheter was brought through her ind s on 
thereoy providing convenient access to Se portd 
cu-culation for subsequent cell infusions. The resected 
hver. weighing 250 g, was perfused 
with collagenase to release 
hepatocytes; 3.2 x 10' cells were 
recovered (98% viability) and seeded 
into 800 10 cm* plates. Medium 
containing the LDL receptor 

expressing recombinant retroviruses 

was placed onto the culrured 

hepatocytes 48 hours after the initial 

seeding. Following 12-1 8 h exposure 

to virus, the cells were analysed for 

LDL receptor expression and 

harvested for transplantation; 2x10' 

viable cells were recovered from the 

plates by treatment with trypsin. 

Incubation of the transduced cells 

withfluorescentlabelledLDLrevealed 

uptake in approximately 20% of the 

cells exposed to the LDL receptor 

expressing virus and no uptake in 

duplicate plates of cells not exposed 

to virus (Fig. 2). 

Prior to infusion of the cells, a portal 
venogram was performed to confirm 
the placement of the catheter and 
patency of the portal circulation (Fig 
The genetically corrected 
hepatocytes were harvested in three 



ahquots and each aliquot was manually infused at 4 h 
of T^'^^f^-^^OmmuttperfoS 

transient tachycardia early in the dsv Thl {. 
secondary ro anxiety, and feve^t te^S before 
ceU mruaon which resolved subsequently ' 
One concern was the potential-de^elopment of portal 




■» P/imary hepatocytes. Primary 
analysed tor LDL receDtor exorpS , - recomb,n ant retroviruses and * 
fluorescent based on "P**" «* 

contrast W and Credent mt oscooe tof and m 8d " nder the P hase 
visualized under the phase cbntrSt m i^f LDL rece P tor transduced cells 
presented. Magnification 1 0§" W ^orescent microscope (d) are 
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3 k P °^ J VBn °9 rar ns before anc 
after hepatocyte infusion, a. Portal 
venogram immediately prior to cell 
reinfusion {postoperative day 3) w c 
surgical absence of the left lateral 
segment of the liver, absence of po 
vein th rombosls and good position 
the catheter. o, Portal venogram 
immediate^ prior to catheter remov 
(postoperative day 10). Note patent 
•portaf vein without evidence of 
intraluminal thrombus. 
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vein thrombosis and/or portal hypertension as a 

arculanon Portal pressures measured 4 .£?2h£ 
£ree day, before cell infusion (9.8 ± 1.3. rneLTs d 
«=4) were mdistmguishable from those measured fiv 
days after eel] infusion (10.9 ± 2.1 mean* s.d. «5E> wM 
transit meases (lasting <4 h) of 4 and 72 H 
occurnng after the second and third cell LScS 

Prolonged improvement in dyslipldemia 

Liver • tasue was harvested by percutaneous biopsy four 

m£™? ^ dedsectloas F«par e dforlightai 1 delectro n 
microscopy not sho^vn). Frozen sections were 

* fl* hybndaadoa using RNA probe specific for the 
recomW derived LDL receptor transcript, e 5 
theT n LT ^^of » hepatocyte that hybridi^ to 
hvW Pr ° be (C aild ^ ; this ^ °f focal 

Pn °l t0 h y bric3i ^tion with the antknse 

section, T^l 0 ^ AnalySiS ° f a Hmited numb - of 
] nnrTr^ d n^ bndi2atioa to the "taawe probe in 
000 to 1:10.000 cells. It is unlikely that the remits 
obtamed from a single small t> lock oflivex tissue from FhT 

^n/S' repreSe - nCS ^f, abuadan « ^d distribution of 
tramgene expressing cells throughout the liver. Similar 
experimentsperformedin three baboons who underwent 



XS'r JSTf • resp ° nsB durin 9 hepatocyte infusion. Durfr.0 
Lh Tr * he patiem w 38 'nv-lvrty monitored «ith 
81 l,ne and P u "TK>r«ary arterial line while in the 
Intense care unit. Six clinical parameters (respiration rate, 
oral temperature, pulse, systemic blood pressure (mmUcj). 
pulmonary arterial pressure (mm He,), and oxygen 
saturation irt mixed venous blood (SV02)) are presented. 
The actual bmes are indicated along the bottom with the 
periods during which the cells were infused indicated by 
the bars Note that the time co ordinates have been 
expanded during the periods of cell Infusion. 
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Fig- 5 In situ hybridization of liver 

«rfm„f Sr 9 K 6ne thwa W. Liver tissus 
(50 mg) was harvested by 
. percutaneous biopsy f our months 
after gene therapy. The majority of the 
sample was fixed, embedded 
sectioned and analysed by light and 
electron microscopy for evidence of 
pathology. A small block was 
analysed for cells expressing 
recombinant LDL receptor by in situ 
hybridation Tissue sections were 
hybridized with the sense probe (a 
and b) or antisense probe (c and d) 
and visualized by bright field (left 
Panels) and c^rk field (righ t panels) 
S2W y- , The c,usteri "9 of signal 
fh^ W 915 c and Vindicates a cej 
that hybndizend to the antisense 
probe. Magnification, 50x. 



Fig. 6 Lipid profiles. The study was 
performed using three treatment 
periods. Period B spans 8 days 
immediately prior to gene therapy 
during which 7 lipid profiles were 
obtained. Period C represents a 131 
day interval after gene therapy before 
she was started on lovastatin durinq 

interpretation of data obtained 8 days 
following gene therapy was 
confounded because of additional 
streets on lipids of the stress of the 
EEK" a "5 decr «ased nutritional 
intake; these data were deleted from 
trie analysis of Period C. Period D 
represents a 15 month interval 
fol owing Period C during which the 
patient was treated with lovastatin 

-° -fl!*" durin 9 a 30 day period 
after initiation of lovastatin was not 
included in analysis of Period D to 
allow for the effect of the drug. Date 
are presented as ALDL and Aapo B 
(top panel): AHDL and Aapo Al (middle 
PaneO; and LDL/HDL nrtlo^K 
in, ? reB treatment periods are 
ndicatad: period B-pr e -g 6 ne 
therapy, off medications; period C - 
post-gene therapy, off medications- 

on1oSn.- p ° 0, - 9enetherap >'- 



rTZ^f W - SEDe demonstrated marked 



|= C v^ 



periods B, C and D. 
Blood sam p iKwere ^ ands^bmittedtoarefcrence 
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Table 1 Summary of lipid profiles for patient FH1 



Cincinnati r©f. lab, 

LDL 

HDL 

LDL/HDL 

apoA! 

apoB 

Quebec ref, lab. 

LDL 

HDL 

LDL/HDL 



P re-gene therapy 
+Lovastatin -Lovastatin 
period A period B 

482 ±19 (7) 
43 ±3.4 (7) 
11 ±1.0 (7) 
115 ±12 (7) 
352 ± 23 (7) 

446 ± 30 (6) 
44.5 ±4.1 (6) 
10.2 ± 1,0(6) * 



Post-gene therapy 

-Lovastatin +Lovastaiin 

period C period D 

404 t 24 (19) 356+ 22 (27) 
51 .4 ±5.9 (19) 54 ±5 (27) 
7.9 ±0.9 (19) 6.6 ±0.6 (27) 
121 ±11 (13) 130 ±9(24) 
299 ±30 (18) 260 ±23 (24) 

366 ± 25 (7) 
47.6 ±4. 1(7) 
7.6 ± 0.6 (7) 



Statistical comparisons 
(p values) 



0.O001 

0.O014 

0.O001 

0.22 

0.O004 



0.0001 
0.10 
0.0001 
0.005 

0.0002 



0.0001 

0.18 
0.0001 



Allsa. p, BS represent mean ± 1. ,d. ««, ™ ber of determination, Statists ana^ses performed as de Sorib ed^ 



laboratory in Cintinnati for analysis. Serum LDL dropped 
by 1 80mg dl- 1 immediately after ceil infusion andregained 
a new baseline that was 17% lower than pre treatment 
. levels (482±19 before therapy versus 404 ± 24 after 
therapy, p=0.0001), Coincident with the diminution in 
LDL was an increase in HDL from 43 ± 3.4 to 51.4 ± 5 9 
(p=0.0014) that translated to a decline in LDL/HDL ratio 
from 1 1 ± 0.4 to 7.9 ± 0.9 (p=0.0001). The mechanism(s) 
responsible for increased HDL following gene therapy 
remain unexplained, however, simUar effects have been 
described in FHhomozygotes who underwent orthotopic 
livertransplantation 2J . Initiation oflovastatin four months 
after gene therapy was associated with further 
improvements in this patient's dyslipidemia including a 
reduction in LDL (404 ± 24 to 356 ± 22, p=o 0001 ) 
increase in HDL(51.4±5.9 to 54 ± 5, p=0. 10), and decline 
in LDL/HDL ratio (7.9 ± 0.9 to 6.6 ± 0.6, p=0.0001). The 
changes in LDL and HDL noted in each tr eatment period 
were associated with parallel 'afid-equally significant 
changes in apoB and apoAI, respectively (Table land Fig. 

An attempt was made to evaluate further the effect of 
gej,e therapy using lipid profiles that were obtained in 
Quebec during period A, spanning a two year interval 
from Feb. 1990-Dec 1991; during this time the patient 
was treated with lovastatin in a single drug regimen at 
approximately the same dose she has been taking during 
period D (that is, following gene therapy). Additional 
samples were obtained during period D and analysed by 
the same reference laboratory in Quebec that was used to 
measurethepatient'sHpids in 1990-91. Direacomparison 
of the patient's lipids on. lovastatin before and after gene 
therapy revealed a diminution in LDL from 448 ± 30 to 
366 ± 25 (p=0.0001), a modest increase in HDL from 44 5 
± 4.1 to 47.6 ± 4.1 (p=0.16), and a decline in LDL/HDL 
ratio from 10.2 ± 1.0 to 7.6 ± 0.6 (p=0.0001) 



Discussion 

FH represents a unique model for developing and 
evaluating the principle of liver-dire a ed gene therapy in 
humans. This fatal disease is easily evaluated for 
reconstitution of hepatic gene expression by serial 
measurements of serum lipids which are considered 
relevant endpoints for clinical efficacy. Critical to the 
early development of this clinical model was the availability 
Nature Genetics volume 6 april 1994 



of an authentic animal model, the WHHL rabbit 

Ex vivo approaches to liver-directed gene therapy 
emerged as the initial paradigm for treating hepatic 
metabolic diseases such as FH. In this strategy, stable 
reconstitution of hepatic gene expression can be achieved 
by transplanting hepatoses transduced ex vivo with 
retr onuses. The development of safe and effective exvivo 
gene therapies to liver presents unique experimental 
challenges. Ex vivo correction of the defect is complicated 
because the target cell for gene transfer, the hepatoeyte 
must be isolated from surgically resected tissue and it 
cannot be maintained and expanded in culture The 
ultimate success of this approach depends on the efficient 
and stable engraftment of the transduced cells and their 
progeny. The livelihood tliat this will occur with 
transduced hepatocytes is difficult to predict because of 
trie paucity of information available regarding stem cells 
and lineage in the liver, and ultimately must be answered 
experimentally Clinical application of this form of gene 
therapy was further confounded because it does not 
resemble existing forms of therapy as is the case with bone 
marrow directed gene therapy, which conceptually is a 
modification of a commonly used therapy, autologous 
bone marrow transplantation- However, there shouldbe 
no immunological barriers associated with ex vivo gene 

therapyomermanmeproblernofanimmuneresponssto 
the therapeutic gene product, apotential concern that is 
generic to all forms of gene th erapy for deficiency states. 
A variety of animal models, Lao addition to the WHHL 
rabbit, have been useful in developing the requisite 
technology and providing sufficient preclinical studies to 
justify a human trial 4 - 9 - 10 . 

The outcome of our first clinical experience supports 
the safety and feasibility of ex vi vpgene therapy directedto 
uver. ^ Molecular and metabolic data suggest that the 
g^enedcallymodifiedhepatocyres have engrafted stably in 
this patient and continue to cxp ress the recombinant geae 
(afteratleastl8months).Thele^ofmetabohccorrection 
achieved in this patient was similar to that detected in the 
WHHL rabbits who received autologous genetically 
corrected hepatocytes*. In this animal model, control 
experiments performed withmc>cktransfectcdhcpatocytC5 
hadno effect on cholesterol excerpt for a transien t elevation 
suggesting that the persistent diminution in lipoproteins 
observed in FH1 was not an artefact of the surgical 
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procedures but due to expression of the recombinant 

term sequelae and that her coronary arterv disease a! 
documented by serial angiography, has noi progressed 

TheresponseofthispatienttolovastatinfblJowing^ne 
tterapy U uuerestmg given that she failed to reTond to 
this drug an multiple occasions prior to geneTeraVv 
15 to deplete intracellular cholestooi 

probably at the transcriptional level-. Th e re^mbSr 
LDL receptor gene does not contain the transS«X 
elements necessary to confer cholesterol J£ 

Z 0 ? 3 " 8 ^ 01131 regulation of LDL receptor tS 
consistent with previous studies that indite the 
endogenous LDL receptor gene i. reguJat d afbotn a 
tran,capto«ul and posttranscriptional maW; 
One potential concern about Bene theranv a- 

fcuman LDL receptor protein (data not shown) Also 
there was no clinical or pathological evirW / 
autoimmune hepatitis following gen! Sra D ^ It ' K " 
mteresting to see if similar rrJuii w offi/d X? 

of a dysrunctional protein 7 "^expression 

and molecular coniueates havp ch„ ovlruse s> liposomes 
ill animal modek^Xtl u ^ P romisin S results 

of recombinfnT ga^S^^^"' 1 -^ 



or genetically modified cells must be overcome before A, 
potent..] of m Wvo approaches can be reah^a. ^ 

Methodology 

Plenary arterL aJLl^JZfi^™***^ * 

subcostal incision which n, extended ,,n»k. ^°, Scd b '' a 
A self-retaining rctracrar^S m r f tothe «Phoii 

from JaieraJ to mediaL A r»hv». u ^ elDnhe2efth£ paticvcm 

e »« applied lid wto „^ 4*^™*?"* 

rapidlvtrBnseciedf^o.lanHMl-ff ^P 61 ? ^ " v « surface wu 

easily controUcd with diren pressui u. «S o '"M* 5 ' * Vda 
with 5-0 running nonabsorbable mn«^ P wcresutu "*l 

*utur« placed in *^S^^? fl< ^ ng ? ertIeBl matbw 
haemosLis was aSrJed ^ J the ^P- <*» 

• bile ducts orUoo7^^^^^ , r^" ld '««Uv«uil 
sutures. The inferitT!^!^ 8 ? ""^ additi °™J 3-0 silk 

SocMdimlWdS'b™^ ""^"Ply <Wted fora distance of 
ties MrSSri'fu ^MJaikUgatures.Sili 
lint^^S^St"^; ^««Uwaed vessel, and the 

abdominal wall ah™ ^ r^T^?^ 7 thnn * h ^ 
and secured L, place tS .7? ^ ^ ° f * e indsio11 

trimmed to the ™TeLh 1°° ™ C ***** "« 

facilitate inserto™ K'thi'r "^^^ at ™» »«» » 
saline {100 Urn]-) A^ni£,™ he P a ri«^ 

Mentis hy P^Uo^SeS^^^'*- 1 7/ 

ligamre nearest the portal vein arom,rf rtT-. • t ^ V ^ ^ 
making sure not to omZ ^Z ^X^T 
tied around tile inf-rinr m .„„? 3 "° *romic suture was 

liver bed was drained wW, ? T Wainiad " n,itllc 

remove any residual biie or sertm " QUhe,er ,0 

fecial layers wiihTnwnfal IE? K ^° aJld ^ do " d » ««• 

-s y do = edXTer^S D S^ r " 
and surgical tapes. •«wcuacviiar chromic sutures 

combination with an enhancer ^„ .f 1, P Men P; acCu] P''ornoteTi n 
cytomegaiovnrus. The SffiaST ^ 1 -^™ ed,a,e ^*>" E=ne of 
20, -a S B charactenz^ufac^ r a^ e^r^ 5 ^ ^ 132 ' 

Pines of eel, S^X^^^,^^ 1 ^- 

the L^lZ ^Jf^?™?^™ ofdtf. incubation, 
visualized under STfl^!? . Were wash ed ui PBS and 

incubation with trv>»1S wHheH T ^ ^ pUtti ^ 
HepatocyteswerehTr^ld^n^ k ? taLSS ™ 1 Y RPMI 1640. 

washed and rcsusnenrirrf i« . f^P- batch was 

mi- -r h^ss^sa 50 ^ com °™* 10 u 

A.alysesofbiopsiedUvertissue.rnetissueblockfo.^^anaivsis 
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was frown in OCT, and ciyosectiom (6 pM) were mounted on 
gelatin polyU-lysineJ-coated sides and fixed with 4% 
paraformaldehyde in phosphate buffered saline 17 . Sections were 
hybridized to a »S labelled RNA probe complementary to retroviral 

envelope sequences that are uniqudy present in the 3' untranslated 
region of the recombinant derived LDL receptor RNA 4 . Senseprobes 
and RNAsepre treatment with antisense probes were used as controls 
• for hybridization specificity, 

Analysis of metaboBc parameters. Blood samples were obtained, 
coded and sent to reference laboratories in Cincinnati and Quebec 
for de termination oflipid profiles. LDL cholesterol, HDLcholesterol, 
ApoA 1 and ApoB were measured direct! fusing previously published 
techn iques. Differences in LDL, HDL and LDL/HDL profiles obtained 
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